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Alkylresorcinols (AR) are phenolic lipids found in high amounts in wholegrain wheat and rye. They may be important as bioactive components
and/or biomarkers of wholegrain wheat and rye intake. AR absorption was studied with pigs during a habitual diet and after a single meal of AR-
rich diet. In study 1, four pigs were fed wholegrain rye (RD) and white wheat bread (WD) for 1 week in a cross-over design. Arterial and venous
AR concentrations were determined over 540 min after feeding on days 5 and 7. In study 2, four pigs were fed a synthetic, starch-based diet for 5 d,
and arterial and venous AR concentrations were determined over 960 min after feeding a single meal of RD. In study 1, plasma AR concentrations
after consuming RD peaked at 120 min, remained elevated between 120 and 420 min, and were re-elevated on refeeding at 480 min. In study 2, AR
appeared in the plasma after 60 min, peaked at 180–240 min, and remained elevated after 960 min. The apparent elimination half-life was 3·93 h,
and the maximum plasma concentration was 666 (SEM 35) nmol/l. Arterial and venous plasma AR concentrations were similar, suggesting that AR
are absorbed via the lymphatic system. AR concentrations in pig plasma increase rapidly after a meal containing AR, and persist in plasma for at
least 5 d, indicating that AR may be a useful biomarker of wholegrain wheat and rye intake.
Alkylresorcinols: Biomarkers: Wholegrain cereals: Rye
Epidemiological studies have linked wholegrain cereal con-
sumption to many health benefits, including a reduction of
the risk of CVD, diabetes, obesity, and some cancers (Levi
et al. 2000; Truswell, 2002; Hallmans et al. 2003; Jensen
et al. 2004). This has been recognised by the Food and
Drug Administration and other national food and nutrition
agencies, who allow certain health claims to be made for
wholegrain cereal products (Kantor et al. 2001).
However, these health claims are only based on epidemio-
logical studies, and no long-term intervention studies have
been done to establish a direct link between wholegrain
cereal consumption and the proposed health benefits, in part
due to the lack of a suitable biomarker of wholegrain cereal
intake (Branca et al. 2001). Such a biomarker is needed due
to the combined factors of the difficulty that consumers
have in identifying wholegrain foods (Slavin et al. 2001),
and weaknesses in methods used for dietary recall (Bingham
et al. 2003). A biomarker of wholegrain intake could be
used to check for compliance in intervention studies, accuracy
in epidemiological studies, and can indicate dietary intake
where no dietary record is available (for example, samples
from a blood bank). Having more reliable information about
wholegrain intake would increase the strength of the current
health claims for whole grains, and possibly lead to new
associations for wholegrain cereal intake and a decreased
risk of other diseases. Alkylresorcinols (1,3-dihydroxy-5-
alkylbenzene derivatives; AR), present in wholegrain wheat
and rye, are candidate biomarkers of the intake of these cer-
eals (Ross et al. 2004d; Linko et al. 2005).
AR are long-chain phenolic lipids found in some higher
plants, fungi and bacteria. In cereals they are mainly present
as five different homologues with odd-numbered saturated
hydrocarbon side chains between seventeen and twenty-five
carbons long. AR are present in high amounts in the bran of
wheat and rye, but not in refined (white) wheat flour (for
example, endosperm), germ, nor in significant amounts in
other foods (Ross et al. 2003c), and thus can be considered
to be specific for wholegrain wheat and rye (Chen et al.
2004). The nutritional effects of AR in the diet are essentially
unknown, but their intake (20–40 mg/individual per d in the
Nordic countries) is high relative to other phenolic compounds
(Ross et al. 2005). AR are absorbed by pigs (Ross et al.
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2003b) and man (Ross et al. 2003a) (60–80 and 60 % absorp-
tion respectively), and can be measured intact in human
plasma (Linko et al. 2002) and as metabolites in human
urine (Ross et al. 2004b). In vitro and in vivo studies have
shown that AR have many potential bioactivities, including
the ability to integrate into and modify phospholipid mem-
branes, cleave DNA, increase g-tocopherol levels in rats,
and inhibit enzymes and cell carcinogenesis (Kozubek &
Tyman, 1999; Ross et al. 2004c,d; Linko & Adlercreutz,
2005). Wholegrain rye intake and plasma alkylresorcinol con-
centrations have been correlated (Linko et al. 2005), providing
strong evidence that they can be biomarkers of wholegrain
wheat and rye intake.
Before AR can be properly investigated as bioactive com-
pounds in vivo or as a possible biomarker for wholegrain wheat
and rye intake, more must be understood about their intake,
and the kinetics of their absorption, metabolism and excretion.
In these experiments, we used a catheterised pig model to study
the kinetics of AR appearance and clearance in plasma.
Materials and methods
Breads and diets
The diets used in the present study have been described pre-
viously (Bach Knudsen et al. 2003). The diets were made of
wheat soft and crisp bread (WD) or rye soft and crisp bread
(RD). Wheat and rye soft breads were produced at Nordmills
(Nordmills, Cerealia AB, Malmø, Sweden) and wheat and rye
crisp bread were produced at Wasa Bread (Wasa Bread AB,
Filipstad, Sweden). The rye crisp bread contained wholegrain
rye flour, rye bran (Wasa T2), fat and salt as the main ingredients
and the corresponding wheat crisp bread contained white wheat
flour, purified wheat fibre (essential cellulose, Vitacel WF 600;
Rettenmair and So¨hne, Ellwagen-Holzmu¨hle, Germany), sugar,
salt and dry malt. The soft rye bread contained white wheat flour,
rye bran (B3-fin; Nordmills, Cerealia AB, Uppsala, Sweden),
baker’s yeast, fat, salt and sugars (sucrose) and the correspond-
ing soft wheat bread contained white wheat flour, Vitacel,
baker’s yeast, fat, salt and sugar. Immediately after production,
the soft bread was frozen at 2208C until consumption, while
crisp bread was stored dry. The diets prepared from soft
and crisp bread were balanced with vitamins and minerals and
provided about 19, 15 and 66 % energy from fat, protein and
carbohydrates, respectively (see Table 1 for diet ingredients
and composition). A semi-synthetic diet (SSD) was made
from wheat starch (707·8 g/kg), cellulose (80·0 g/kg), casein
(182·2 g/kg) and vitamins and minerals (28 g/kg).
Experimental design and pigs
The whole study comprised two series of experiments; in
study 1 the appearance of AR was measured in the plasma
of pigs fed either RD or WD and in study 2 the kinetics of
the appearance of AR in pigs after feeding a single meal of
the AR-rich diet (RD) was determined.
Study 1. The study was carried out using a cross-over
design with four pigs fed the two experimental diets for
1 week each and blood sampled on day 5 and day 7 from
each pig (n 4). Four male castrated pigs from the Danish Insti-
tute of Agricultural Sciences’ Swine herd, Foulum, Denmark,
with an initial average body weight of 44·6 (SEM 2·4) kg were
used in the study. Each pig was surgically fitted with two cath-
eters, one in the portal vein (internal diameter 0·050 cm; exter-
nal diameter 0·090 cm; wall 0·02 cm; Buch & Holm, Denmark)
and the second in the mesenteric artery (internal diameter
0·040 cm; external diameter 0·070 cm; wall 0·015 cm; Buch
& Holm, Denmark), and with an ultrasonic blood-flow probe
(14 mm; Transonic System, Ithaca, NY, USA) around the
portal vein. A flowmeter (Transonicw T201D flowmeter
with P-option; Transonic System) was used for measuring
the flow rate. The pigs were given Streptocillin for up to 4 d
after surgery. Up to 1 week before surgery the pigs were fed
a habitual diet made from wheat, barley and soyabean meal
(WBSD). The last week before surgery and the first 10 d
after surgery (recovery period), the pigs were fed a diet
based on wholegrain rye (873 g wholegrain rye/kg) fortified
with casein, vitamins and minerals. After 10 d of post-surgery
recovery, the pigs were gradually introduced to the two experi-
mental diets and fed 1250 (SEM 15) g DM/d (2·4 % DM of
body weight (BW)) of WD or 1250 (SEM 24) g DM/d (2·5 %
DM of BW) of RD. The bread was cut into pieces, mixed
1:2·5 (w/w) with water and fed in equal amounts three times
daily, at 07.00, 15.00 and 22.00 hours. The portal and arterial
blood spot samples were collected twice weekly on days 5
Table 1. Ingredients and chemical composition of the
experimental diets
Diet. . . Wheat diet Rye diet
Ingredients (g/kg DM)
Wheat crisp bread 602 –
Wheat soft bread 370 –
Rye crisp bread – 593
Rye soft bread – 379
Vitamins and minerals* 28 28
Chemical composition (g/kg DM)
Ash 33 56
Protein (N £ 6·25) 119 127
Fat 68 73
Total carbohydrates 773 699
Sugars 24 40
Fructans 4 18
Starch 529 455
Total NSP 220 203
Total soluble NSP 23 55
Cellulose 131 20
b-Glucan 12 19
Total soluble b-glucan 1 7
Arabinoxylans 53 127
Total soluble arabinoxylans 13 36
Klason lignin 10 32
Dietary fibre (NSP þ lignin) 230 237
Alkylresorcinols (mg/g DM) 0 1158
Homologues†
17 : 0 0 262
19 : 0 0 372
21 : 0 0 284
23 : 0 0 134
25 : 0 0 106
*Vitamins and minerals (mg/kg diet): Ca2(PO4)3, 14 000; NaCl, 4000;
CaCO3, 8000; FeSO4.5H2O, 50; ZnO, 80; MnO, 27; CuSO4.5H2O,
20; KI, 0·2; Na2SeO3, 0·3; retinyl acetate, 1·1; cholecalciferol, 0·01;
all-rac a-tocopherol, 60; menadione, 2; riboflavin, 4; pantothenic
acid, 11; cobalamin, 0·02; niacin, 22; biotin, 0·06.
† Molecular weights of alkylresorcinols (g/mol): 17: 0, 348; 19: 0, 376;
21: 0, 404; 23: 0, 432; 25: 0, 460.
For details of diets and procedures, see this page.
Kinetics of alkylresorcinols in plasma 283
https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN20051642
Downloaded from https:/www.cambridge.org/core. University of Basel Library, on 10 Jul 2017 at 15:18:11, subject to the Cambridge Core terms of use, available at
and 7 at 230, 0, 30 and 60 min, then at 60 min intervals up to
480 min after the morning feeding and then again at 540 min.
The blood was collected in two heparinised plastic tubes (9 ml
and 4 ml) and one EDTA heparinised plastic tube (2 ml) and
centrifuged (3000 rpm for 10 min at 88C) to separate the eryth-
rocytes from plasma. The plasma was kept frozen at 2208C
until analysis.
Study 2. Four pigs (three the same as in study 1, average
weight 48·2 (SEM 6·3) kg, were fed SSD three times daily for
4 d and the morning feeding on day 5. The pigs were then
deprived of food for 24 h and then on day 6 fed one meal
(492 g DM; 1 % DM of BW) of RD, after which blood spot
samples were taken at 230, 0, 30 and 60 min, and then at
60 min intervals to 960 min after the morning feeding, after
which the animals were fed RD. The experiment was repeated
for all the pigs the following week (n 4).
All animal experiments complied with the guidelines of the
Danish Ministry of Justice with regard to animal experimen-
tation and care of animals under study.
Analytical methods
Analysis of macronutrients in the diets is described elsewhere
(Bach Knudsen et al. 2003). AR in the diets were analysed
using a gas chromatographic method for cereal grains modi-
fied for bread (Ross et al. 2003c), and GC-MS where necess-
ary (Ross et al. 2001). AR in plasma samples were analysed
by GC-MS (Linko et al. 2002). The interseries CV for
plasma AR values was always under 15 %.
Calculations and statistical analysis
The pharmacokinetic parameters calculated were maximum
plasma concentration (Cmax), time of peak concentration
observed (tmax), area under the plasma concentration time
curve from 0 to 8 or 15 h (AUC0 – 8 h/AUC0 – 15 h) corrected
for baseline (0 h), the elimination half-life and absorption
half-life. The parameters were calculated with PK Solutions
2.0 Noncompartmental Pharmacokinetics Data Analysis
program (Summit Research Services, Montrose, CO, USA).
Minitab version 11 (State College, PA, USA) and SPSS 11.0.1
for Windows (SPSS Inc., Chicago, IL, USA) were used for all
statistical calculations. Differences were determined using
Student’s t test and the general linear model with repeated
measures, and were considered significant at P,0·05. Values
are reported as means with their standard errors.
Results
No AR were detected in diet WD, while diet RD contained
1158mg AR/g DM. The basal diet (WBSD), which had been
consumed by the pigs since weaning, contained low concen-
trations of AR (54mg AR/g DM) and is probably, along
with the wholegrain-based rye diet (655mg AR/g DM) fed
during the recovery period after surgery, responsible for the
low concentrations of AR observed in pigs fed the AR-free
diets (see p. 284). The AR homologue composition in the
RD and WBSD is given in Table 2.
Concentrations of AR in the mesenteric artery and portal
vein for both studies were similar (r 2 0·96 (SEM 0·02))
(Figs. 1 and 2), and did not differ in homologue composition
either. The total plasma AR concentration and plasma AR
homologue composition described here are the average of
the values for the mesenteric artery and portal vein at the
given time point.
Study 1: appearance of alkylresorcinols in plasma during a
habitual alkylresorcinol-free or alkylresorcinol-rich diet
Although AR could not be detected in WD, the basal concen-
tration of AR in the plasma of pigs fed WD was 35 (SEM 4·6)
nmol/l at 30 min before feeding. After feeding, there was a
peak AR concentration of 74 (SEM 7·5) nmol/l at 180 min
(range 64–112 nmol/l, 120–480 min; different from baseline
(0 min) (P,0·01) (Fig. 1).
The pigs fed RD ate about 3733mmol AR/d, corresponding
to 1244mmol AR/meal (three meals/d). The concentration of
AR in the plasma of pigs fed a habitual RD was 260
(SEM 77) nmol/l at 30 min before feeding, increasing to
662 (SEM 92) nmol/l at 240 min (range 538–1406 nmol/l,
180–360 min) (Fig. 1). At the end of the 480 min trial,
plasma AR concentrations remained significantly elevated
above baseline concentrations (370 (SEM 52) nmol/l;
P,0·01). Pigs were fed again with RD at 480 min, and 1 h
later, plasma AR concentrations had risen to 631 (SEM 140)
nmol/l. The relative AR homologue composition in the
Table 2. Percentage homologue distribution of alkylresorcinols (AR) in the rye diet, wheat diet and wheat–barley–
soyabean (WBS, basal) diet, and the average homologue distribution in plasma after feeding either the rye diet
(191 plasma samples) or wheat diet during study 1 (186 plasma samples)*
(Mean values with their standard errors)
Rye diet
plasma (%)*
Wheat diet
plasma (%)*†
AR homologues Rye diet (%) Mean SEM Wheat diet (%) WBS diet (%) Mean SEM
17 : 0 25 22 0·4 nd 12 13 0·3
19 : 0 33 44 0·2 nd 29 37 0·4
21 : 0 24 21 0·2 nd 41 30 0·5
23 : 0 10 8 0·1 nd 10 13 0·2
25 : 0 8 5 0·2 nd 8 8 0·2
nd, not detected.
*The homologue composition of rye diet plasma and wheat diet plasma was significantly different (P,0·009).
† AR concentrations in the wheat diet plasma are probably from the basal (WBS) diet.
For details of diets and procedures, see p. 283.
A.-M. Linko et al.284
https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN20051642
Downloaded from https:/www.cambridge.org/core. University of Basel Library, on 10 Jul 2017 at 15:18:11, subject to the Cambridge Core terms of use, available at
plasma of pigs fed WD was significantly different (P,0·001)
compared with when the pigs were fed RD (Table 2), indicat-
ing that the dietary source of AR is reflected in the plasma AR
homologue composition.
The incremental AUC for 480 min (8 h) after the pigs were
fed the WD was 223 (SEM 20) nmol/l £ h (range 151–
306 nmol/l £ h) (Table 3). There was a non-significant trend
that the AUC for the second set of samples taken while the
pigs were fed WD were slightly lower than the first, indicating
that the baseline concentration of AR in the plasma of pigs
eating an AR-free diet decreases between the two sampling
periods (2 d). The incremental AUC for pigs fed RD
was approximately ten times higher than when feeding the
WD diet (2219 (SEM 308) nmol/l £ h; range 1291–
4015 nmol/l £ h). Here, there was a non-significant trend
that plasma AR concentrations increased for the second set
of samples taken. As there was no clear peak or clearance
of plasma AR, it was not possible to calculate the half-life
of plasma AR during either habitual diet.
Study 2: appearance of alkylresorcinols in plasma after
a single feeding of an alkylresorcinol-rich diet
Pigs ate a single meal of RD containing 1471mmol AR. The
baseline AR concentration in plasma after a 5 d AR-free diet
was 30 (SEM 3·7) nmol/l, similar to that of the baseline
concentrations with WD in study 1. AR started appearing in
the mesenteric artery and the portal vein at 60 min and
peaked at 180–240 min with 666 (SEM 35) nmol/l (range
500–989 nmol/l; 180–240 min) (Fig. 2). At the end of the
960 min time period, the average AR concentration was 136
(SEM 34) nmol/l, nearly five times the baseline plasma AR
concentration (P,0·05).
The homologue composition of plasma was fairly consistent
in both arterial and venous samples throughout the study, and
was similar to that for rye diet plasma in study 1 (Table 2).
There was a significant difference in plasma homologue
composition for the main homologues, C17 : 0, C19 : 0 and
C21 : 0, between 230, 0 and 30 min and the rest of the
time points (P¼0·001–0·005), but not for C23 : 0 and C25 : 0
(data not shown).
The incremental AUC(0 – 15 h) for the appearance of AR in
plasma over 15 h was 3190 (SEM 279) nmol/l £ h (range
2035–4083 nmol/l £ h) corrected for baseline (0 min) concen-
trations (Table 3). The AUC value was always larger for the
second duplicate experiment (74·2–1793 nmol/l £ h). There
was no significant difference in AUC(0 – 15 h) between venous
and arterial samples. The absorption half-life and apparent
elimination half-life of AR, determined from the mean
concentration of all pigs, were 1·20 h and 3·93 h respectively.
Discussion
To better understand the kinetics of the appearance of AR in
plasma, and to further study whether plasma AR concen-
trations may be a suitable biomarker of wholegrain wheat
and rye intake, we determined the appearance of AR in pig
plasma during habitual intake of AR and after a single meal
of AR. No significant differences between AR concentrations
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Fig. 1. Average portal vein (–W–, –A–) and mesenteric artery (–†–, –O–)
plasma alkylresorcinol (AR) concentrations in pigs (n 4) during habitual feed-
ing of an AR-rich rye diet (–†–, –W–) and an AR-free wheat diet (–O–, –
A–). Pigs were fed at 0 h and again at 8 h ( # ). Values are means, with their
standard errors represented by vertical bars. For details of diets and pro-
cedures, see p. 283.
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Fig. 2. Appearance of alkylresorcinols (AR) in the portal vein (–W–) and
mesenteric artery (–†–) plasma of pigs (n 4) after the intake of a single
meal of an AR-rich rye diet (0 h). Values are means, with their standard
errors represented by vertical bars. For details of diets and procedures,
see p. 283.
Table 3. Pharmacokinetic parameters of the appearance of alkylresorcinols (AR) in pig plasma*
(Mean values with their standard errors or range)
Cmax (nmol/l) tmax (h)
AUC(0– t)
(nmol/l £ h)
Baseline
(nmol/l)
Mean SEM Mean Range Mean SEM Mean SEM AR introduced (mmol/feeding)
Study 1 wheat diet (habitual intake) 74 7·5 3 2–8 223 20 35 4·6 –
Study 1 rye diet (habitual intake) 662 92 4 3–6 2219 308 260 77 1244
Study 2 (single feeding after fasting) 666 35 3 3–4 3190 279 30 3·7 1471
Cmax, maximum plasma concentration; tmax, time of maximum plasma concentration; AUC(0– t), area under the plasma concentration curve from 0–8 h (study 1) or 0–15 h
(study 2).
For details of diets and procedures, see p. 283.
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in the mesenteric artery and the portal vein were detected,
indicating that AR are not taken up directly to the portal
vein as is the case with glucose, amino acids, and SCFA
(Re´rat et al. 1984; Re´rat, 1985; van der Meulen et al. 1987;
Bach Knudsen et al. 2000), but probably via the lymphatic
system. It is also clear from the appearance times of AR in
plasma that they are taken up more slowly compared with,
for example, glucose where peak concentrations in the portal
vein will be found 20–30 min post-feeding (Bach Knudsen
et al. 2000). This agrees with earlier ileostomy studies on
AR disappearance from the small intestine (Ross et al.
2003a,b), which indirectly suggest that AR are taken up via
the lymphatic system as for other lipid-soluble compounds.
Because there was no difference between arterial and
venous AR concentrations, it was not possible to calculate
actual absorption of AR over time – only the response of
AR concentrations in plasma to the intake of a rye diet. The
mean apparent elimination half-life of AR was similar to
that of tocotrienols (2·3–4·4 h) (Schwedhelm et al. 2003;
Yap et al. 2004), as was the time of peak concentration
observed (3·3–4·4 h for tocotrienols) (Yap et al. 2004). AR
have a similar lipophilicity to tocopherols and tocotrienols
(Ross et al. 2004d), and are metabolised in a similar manner
(Ross et al. 2004b), so may be expected to have a similar
mode of uptake and transport within the body.
The amount of AR appearing in plasma as determined by
the AUC was low relative to the amount fed, but determi-
nation of the pharmacokinetics of absorption and bioavailabil-
ity of lipid-soluble compounds from plasma concentrations
alone is not advisable (Traber, 2000) and it is not yet clear
how good a reflection plasma AR concentrations are of total
AR absorption.
In study 1, habitual consumption of RD gave a plasma AR
curve with a broad peak spanning 4 h, and ‘baseline’ AR con-
centrations over three times higher than when the pigs were
fed WD (P,0·001). Human subjects eating a diet rich in
wholegrain rye had fasting plasma AR concentrations almost
ten times greater than when they consumed a diet with
almost no AR (Linko et al. 2005). Therefore, as would be
expected, feeding a diet rich in AR leads to an increase in
baseline plasma AR concentrations compared with a diet not
containing any AR.
The baseline concentrations of AR (about 30 nmol/l)
observed when the pigs were fed an AR-free diet (WD or
SSD) in both studies was not expected. However, it may be
in part due to storage of AR in body tissues and blood cells
(Ross et al. 2004c; Linko & Adlercreutz, 2005). The pigs
had been fed WBSD, which contained small amounts of
AR, since weaning, and a wholegrain-based rye diet during
the recovery period. Unmetabolised AR may be mobilised
from certain tissues or blood cells into the plasma. It is also
possible that there were very low levels of AR in the WD
as indicated by plasma AR concentrations approximately dou-
bling after feeding the WD, in spite of the fact that analysis by
GC-MS did not indicate that any AR were present.
In study 2, AR appeared in the plasma 1 h after feeding a
single meal of RD, with a peak 3–4 h after feeding. This
peak is sharper than that of the peak during the habitual
diet, but also somewhat higher, likely to be due to the 24 h
fasting period, which will cause the ingested nutrients to
pass faster to the small intestine than when consuming the
habitual diet. Thus, a more even gastric emptying rate may
be responsible for the broader peak of plasma AR concen-
trations during a habitual diet than after a single meal. The
concentration of AR, 16 h after feeding, remained about four
to five times higher than before feeding the RD (Fig. 2).
Since the decrease in plasma AR concentration could not be
adapted to an ordinary decay curve it is possible that AR
undergo enterohepatic circulation, as is the case with the
mammalian lignan enterolactone (Bach Knudsen et al.
2003). These conditions could maintain the concentration of
AR in the blood after a meal. However, the enterohepatic cir-
culation of newly administered a-tocopherol in rats is low
(0·98–1·78 % of administered dose) (Lee-Kim et al. 1988),
indicating that if AR have a similar mode of absorption,
then other mechanisms might be involved. This aspect
should be investigated when analytical methods to analyse
AR in the lymph and bile become available (Ross et al.
2004a).
The AR homologue composition of plasma appeared to
reflect the diet consumed (Table 1), which is interesting as
this may be a way of determining whether specifically
wheat or rye were consumed from plasma AR homologue con-
centrations. The ratio of homologues C17 : 0 and C21 : 0 have
been used to differentiate between wheat and rye in cereal pro-
ducts (Chen et al. 2004) and differs in human plasma after
consumption of either wholegrain wheat or rye bread (Linko
et al. 2005).
In a previous study feeding a single dose of radiolabelled
AR to rats the peak of radioactivity (intact and metabolised
AR) in the blood was at about 12 h (Ross et al. 2003b). In
study 2, the peak of intact AR was at 3–4 h. The difference
between the two studies may be a result of species differences,
or matrix effects of the source of AR in the diets. It also may
be due to the metabolism of AR (Ross et al. 2004b), and that
3–4 h represents the peak of intact AR, but there may be a
later peak of AR metabolites. Methods to analyse AR meta-
bolites in plasma are needed before this can be confirmed.
The pigs here were fed a much higher amount of AR than is
normally consumed by even extreme habitual consumers of
wholegrain wheat and rye (about 1450 mg/pig per d compared
with about 160 mg/person per d) (Ross et al. 2005). Human
subjects consuming a habitual diet rich in rye (200 mg AR/d)
have fasting plasma AR concentrations of 352 (SEM 24·7)
nmol/l (Linko et al. 2005), within the range measured in the
pigs fasted after a rye meal during habitual feeding of RD.
The plasma of human subjects following a 1-week AR-free
diet also contained low amounts of AR (32 nmol/l) (Linko &
Adlercreutz, 2005), similar to those concentrations in pigs
after a 5 d AR-free diet, indicating that fasting plasma AR con-
centrations are similar between pigs and man in spite of large
differences in intake and dietary factors likely to influence
absorption (for example, fat). If AR intake is corrected for
dietary fibre to account for the more varied diet of man,
there is little difference in AR intake; 4·9 mg AR/g fibre for
pigs in the present study, and 5·5 mg AR/g fibre for human
subjects (Linko et al. 2005), the diets resulting in similar
plasma AR concentrations. It is also possible that there is a
biologically determined upper limit for the amount of AR in
plasma, given that feeding increasing doses of the similarly
lipophilic a-tocopheryl acetate to human subjects does not
lead to corresponding increases in plasma a-tocopherol
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(Traber, 2000), and that AR are able to disrupt erythrocyte
membranes at micromolar concentrations (Kozubek &
Tyman, 1999).
Along with other studies (Linko et al. 2002, 2005; Ross
et al. 2003a), results from the present study suggest that
measurement of AR concentrations in plasma might be a
good biomarker of intake of diets rich in wholegrain wheat
or rye. That AR are present in the plasma of pigs previously
fed RD, even after a 5 d AR-free diet, suggests that they
may be useful short- to long-term markers for wholegrain
wheat and rye intake. Our knowledge of the fate of AR
upon absorption is limited, and it appears that measurement
of plasma AR does not account for all absorbed AR. Further
studies on the kinetics of AR absorption and their fate
thereafter are required, as well as studies to determine if
plasma AR status is a good reflection of AR absorption and
short- and/or long-term wholegrain wheat and rye intake.
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